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P16TOBIHEAT—TRAmlmR COEE$’ICIENZ’8ACROSS AM OIL FIIM IN A

SMXX’H-WMIED P16TON REOIEROCATIR-SLEWE ~ARATUS “

By Eugene J. Manganiello and Donald Bogart

Tests were conduoted with a host-transfer apparatus that sim-
ulates the piston-oylinder-wallrelation by means of a statiomry,
electritally heated, smooth-walledaluminum piston and a reoipzw-
cati.ngsteel sleeve separated by an oil film. Piston and sleeve
temperatures were obtained for a qe of heat inputs from 1.0 to
7.6 Btu per second, speeds from 200 to 1000 rpm, steady side thrusts
from 10 to 150 pounds, and a r-e of piston-clearance oil-supply
mates from 2 to 20 wunds per hour. The range of average tempera-
tures observed was 200° F to 4550 F for the piston and 150° F to
290° F for the sleeve.

The tests showed th8t the piston heat-transfer coefficient
increased rapidly with an increase in the ave~e oil-film tempera-
ture, increased with spead, and increased with an increase in the
supply of oil to the piston clearanoe space. Variation of the
steady side thrust over a range of 10 to 150 pounds had no signif-
icant effect on the piston heat-tmnaE’er coefficient.

A fair correlation of the piston heat-transfer coefficient as
a function of the average oil-film tempemture or the average piston
temperature, the average sleeve velocity, and the piston-olearame
oil-supply rate was obtained. The piston heat-transfer coefficient
varied as the 1.15 power of the average oil-film tempemture,
directly with the ave~e piston temperature, as the 0.27 power of
the avemge sleeve velooity, and as the 0.35 power of the piston-
clearance oil-supply rate for the ranges of conditions specified.

The piston heat-tmmefer coefficient could also be fairly well
correlated ae a function C& a Reynolds and a Prandtl number baaed on
the average or the maximum sleeve velocity, the piston c1earance,
and the physical properties of the lubricating oil; the Nusselt
number varied as thg 0.30 powgr of both the Reynolds and the Prandtl
numbers.
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Adequate platen coollmy hhs long been one of the crlLical
factore llmithg the specific outTiutof aircraft engines. Satla-
factory analysis cf the piston-cooling ~rablem has been bindered
primarily because of the all@t and ticertain knowledge of tho
factors controlling the heat-transfer processes butween tho piston
and CY].iIldWWU1l. Tbeso KU’CC03HGSaro complicated by tbo ~esoncu
of an oil film and piston r~w?fias WO1l .%sby the occurrence of
ruclpr~c~tlng motion, pl.stcnfl’lctlon,and side thrust.

As Tart of H prc~um for tho stui’yof piston cooling, thu NAM
in 1940 developed a satisfactory method of measuri~ pis:on tompor-
aturos at high speeds (rG~erencu 1) Llsingthermocouples whoso tir-
cuits warG com~]lutedby contacta at hottmrncenter. This method was
then emp].eyedin an Inveetiwtion of yiston tunqmratures in an air-
cocled en@ne in which the variat~ons or piston tumpraturo wltb
various oporatln$ conditions wer~ Indevw.dontly determined (rcfer-
euce 2). A satisfactory corr,.lotjonof ‘:l(+sutust data could not
b~~obtalnwi b~causo of thu difficulty in avalustlng th~ variation
of the surfacu h~at-trunsfer cc.ufficlontbutwcmn tho giston and tho
cylinder wall with tho dlffcrentto@na cpor.a~lngcondiklons.

In order to obtain an ln~d.rjrtInto the factors affecting the
piston heat-transfer courficimt, there was constructed by the NACA
an apparatus that simulates We reluti:n of the piston and the
cyllnder wall and provides c“mtrolled heat flux, operating syeed,
side thrust, and rate of s“uyly af lub~:catlng oil to the piston
clearance SWCCJ and permits variation :xl’the number snd tfileof
ptaton rings. Thu piston in this aqmr..~tusta a stationary alumi-
num @aIUI enclosing an eluctrlml. lma:m mlt and the cyltider
wall 1s a reclnrocatiwd stuel ~lowe.

The tests runcrted herein “mxmt the results uf the first
phase of sn Investigntlcn ot sum f:~”the facturs affectl~ tho
heat-tmnsfer coefficients of a smooth-walled @ston, that 1s, a
piston on which no r~s were Installed. Tbe variation of average
piston and recirrc]catiag-sl.eevotwmuoraturaswi+.hheat flux, oper-
ating speed, ~ido thrust, ~:ndr~tti.~i’piston-clearame cdl supply
WMS lnventi~ated. The y~stoa heni-t~unofor coufiiolenbs weru
cmrolatod as functions of avora,quoil-film temperature or average
pieton tem:xmatur~, aversflusluave vc~.xity, and rate of supply of
lUbriC8ti~3 oil to tho ;Ifamm chtarwnce qwcu.
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AR4LYSIS

lluri~ engine operation, the piston reoelvea heat from the
ocmbustlon gases throu@ its czmwn and transfers this heat to
oylinder wall through an Q1l film via tho ring belt WMI eklrt

—- -.—
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and to the crankcase alr and oil from the internal surfaces of the
piston. When only the heat transferred to the cyllnder wall Is
consMered, the piston heat-transfer coefficient may be written as

h =~(TpH-T,) (1)

If It Is aesumed that the transfer of heat from piston to “
cylinder wall through the oil film is effected by a mechanism
similar to that controlling forced-ccmvewtlon heat transfer for the
flow of fluids through tubes without phase change, the piston heat-
transfer coefficient may bo expressed by the familiar relation
obtained from dimensional analyeis

SpeclfIn Apparatus Variablea

(2)

The physical propurtios .M tho fluid (tho lubricating oil) are
fmctions of the avemge oil-f11.mtemperature Tf taken as the mean
of the average plstcn tem~eraturo Tp and the avema~e sleeve tem-

perature T~. The clmructerietIc dlmensiou, or Fiston clearance, D

1s taken as the difference between the piston and the sleeve diam-
eters (hydraulic dlametor of the cleuranco space based on tho total
vGtted surface); the piston Ch%~Ct3 Is effectively a function
of Tf.

An average fluid velocity Vf as usuclly employed in equa-
tion (2) does not exist In tho present apnllcati~;n. TIM average
oll-film velocity is related to the avemigo piston velocity or
avorago sleeve velocity Ve of tho sub~oot ap~tus ~pOY?tiOn-
ally to the opcn%tlng speed and Is thtirt?foreused tistwd of the
ave~e fluid velocity. Equation (2) then becomes

h =f (Tf, Vg) (3)

Tho piston sldo thrust F and th~ rute of supply W of
lubricating 011 to the piston clearanco space arcItwo pertinent
variables that may hnvo an ap.:ruciabloof%ot on tho piston hoat-
transf~r coefficient. Incwporat@ thoso variables as additional
functions, equation (3) maybe replacud by

h -f (Tf, Va, F, W) (4)
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Assuming that the foregoing function of h with each variable
takes the followi.q form by means of which the effeota & the inde-
pendent wariables considered may be evaluated, equation (4) may be
written .

h = al (Tf)r (V~)s (I’)t(W)y (5)

For convenience Tp mar be used to approbate Tf in equa-
tion (5) as a measure of the effoot of tho physioal properties and
piston Olearance; therefore,

h = a2 (Tp)r’ (V~)s (F)t (W)y (6)

Additional phenomena, such as friction heating between the
piston and the oylinder wall and the reoipmcating motion of the
piston, further complicate the piston h-t-transfer prooossee. As
a result, neither equutlon (5) nor (6) may provide a complete
correlation of the test dnta; the present tests were run to sub-
stantiate their applicability.

The method of evalmtlng the oxpunents In the assumed rela-
tion @ven in equation (5) I.sSS follows: A log plot of h
a&het Tf for constant VS, F, and W will detemine the
exponent r on Tf. A second ‘?lotof “h against Vs for

iT~
constant F and W w1ll GStab].lShthe exponent s on VS. A

h
subsequent plot of ~inst F for oonstant W

(%?) (%)s h
will dcdzermineexponent t. A final plot of

(Tf)r(Vs)s(F)t
against W will serve to doter?nl.nothe uxponent y on W. Fair
correlation of the test data will verify the chosen pswameters as
those representing the piston huat-transfer processes. A simi~
prooedure maybo followed for equation (6) usiw Tp in plaoe
of Tf.

I
,

General Correlation

An alternative methad of correlating the data using the non-
dimensional parameters in equation (2) maybe applloable to the
piston heat-transfer process. Altliou@ the flowof fluids throu@
tubes, for which equation (2) is derived, is admittedly different
in- respects from the reciprocating relative movement of the 011
film, the piston, and the oylinder wall, there is some aimi~ity
between the two prooesses.

I —— —— — . - - ... - - - --- — -. -. —.



i Insulated from each other and from the aluminum up to the hot @c-
. tion by flexible @ass sleevlng so thnt the temperatures measured
wera essontlally surface temperatures.

I Reclprocatl%-sleeve temperatures wore obtained at 11 locations
by themououples, the clroults of whloh :rereclosed by contacts for
28 crank-angle degrees at bottom center. (See referoncu 1 for
details.) The thermocouple wires w~..’ehoused in helical grooves
between the two shrunk cylinders composing the reciprooathg sleeve.
The wires were sealed In tho grooves with vitreous oament and were
soldered In the ends of the Grcov.:3w1:2 soft solder of high molting
point 3/32 inch from the inner siarfls~e~1 the aloove. Two of the
11 helical grooves contained com?lete ~’li~~el-c~t=tan thermo-
couples; the other 9 contained onl~ one thermocouple wire, the mate-
rial of the steel sleeve belnd utilfzad as the other thermocouple
elament. I?lgure4(c) shw$i the Installatlm cn the thrust surface

I of the sleeve; the complete thormocounlo on this surface was used
as a reference Junction for the other t~cumocouples. The thermo-
couple wires were brought out to the ccntc,ct blocks at the top of
the sleeve.

Two thermplles, cmsistlng of four chromel-constantan thermo-
couples In series wera used to ❑easure the temperature of the cooling
oil Into and out of the moling jacket. A single thermocouple hdi-
cated the tamporature of thb oil enteri~ the rotameter.

The thermal electromotiTtiforces of all thermocouples ware
measured by a portablo, prec~sion-t~e potentiometer in conjunction
with an ep.arnal spotlight ralvanometer havi~ a Eenaitivlty of
0.007 microampere ~er milllmett3r.-T~&”ZtlUO meaSU??OmCMt~arO
believed to be accurate within *1’)F.

Oil system~. - Tha lubricctlr~ cnd COOIQ-011 systems fur the
piston reciprocati~-sleeve a?y:,arat,lgarc schomailcally shown in
f@ra 3; both systems employed Eli!’30 Gil. The coolln&oll flow
rate was measured by a calibrated rc’ameter. Cil coolers were pro-
vided In both systems for tempemture control; the lnrgor uxposed
oil pipe~ were l~ed with wool felt. Tho c=nkoaso was kept dry
by a scamnging pump.

Mm’Hm% MD ‘rSTs

Tests were conducttidan tho piston uoolprocating-sleeve appa-
ratus for a range of values of heat input, operating speed, side
thrust, [Jiet@&cl eamnm oil-supply rake, and ava~e slmvo tem-
perature. A few series of tests were made in which the side thrust

I

i
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was completely reversed by means of the reverse-thrust pulley
(fig. 1). A mnstant aver~e sleeve tempezwture was difficult to
~~ntaiu over the range of the other variables with the available
-9 ““~‘c~~nl -M“ Cool@:Oil ~wp~t~ and-”flowrate; the

coollng-oll temperature and flow =te were therefore arbitrswily
kept Coustant.

Piston and sleeve temperatures were obtained over the f’ollowlng
Z=we of operating conditions:

Heat Input, Btu per secund . . . . . . . . . . . . . . . 1.0-7.6
Speed, ram . . . . . . . . . . . . . . . . . . . . . . .200 -1000
Sldethruet, pounds . . . . . . . ...0........10-150
Clearauce-oll supply rate pounds per hour . . . . . . . . 2-20
Cooling-oil temperature, % . . . . . . ...110-170
Oooling-oll flow rate, Powlds”pk”rnlnh: . . . , . . . , ● 10-85

With thin range of condibias, the followlng -e of temper-
atures was obaemed:

Avt3ra@ piston temperature, % . . . . . . . . . . ...200-455
Avwage slaove temperature, OF . . . . . . . . . . . . . 150-290

When each of tho operatlq? factors was aepam toly variad, the
other factors were kept approximately constant. Several series of
tests were run for each variable with the ~ther operating conditions
at different constant values to confirm the trends at different
temperature and spe~d lovola. A summary of khese test cmdltlons
is included with tho test data in tabl~ 1.

The p-hyeicalproperties of the oil.(SAE 30) used in these tests
are shown in fl-e 5 aa functions of tem~erature. Spoclfic-he8t
and thermal-conductivity data were taken fram reference 4, density
data from reference 5, and abuolute-viscositydata from measurements
made at the MCA Cleveland labozwtory.

Thu varlatIon of plston and sleeve diameters vlth avenmge tem-
perature Is presented in figuro 6 as calculated from the measured
diameters at 75° F and the reapectlve emansion cosfflcients of
alunlnum and steel. The curves provide means for evaluatlmg the
piston clearance under any condltIc:uof operation encountered in the
tests. The piston clea~ce calculated from figmw 6 at observed
average piston and sleeve tempe=tures t.sshown to be a functicm of
ave~e 01l-film temperature In fl~ure T, In which representative
data at piston-cleamnce oil-supply rates of 5 and 12 pounds per
hour - presanted.

—
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The p+.ston-clenrance oil-supply rate was kept constant at
either appzxxlmately 12 or 5 pounds per hour except In those tests
lnwhich t’Lepiston-clearanoe oil-supply rate was varied. The
flow to the oillng ring was controlled by varying the feed-line
pressure bymeaas of u needle valve. The pressure drops aoross the
needle valve were callbnted against the piston-clearance oil-supply
rates.

Above a piston-clearance oll.-supplyrate of about 20 pounds
per hour, the space above the piston filled and overflowed, which
indicated that, fcm the glwn a~paratufl,this flow was approx-
imately the largest that would ~ss by ‘he piston through the
existing clearance space. A few runJ were made, however, with
piston-clearanceoil-supply ~t.s in excess of 20 pounds per hour. -

The prsssure of the oil ent~ring tla crunkcase was kept at
30 pounds per square inch and thu cmnkcase-oll tempemture In the
resemoir at approximately 11OO 4’. Sufficient time was allowed
~fter a c-e In oper~ting conditions to Imure equilibrium beforu
readings were taken.

The average piston t.em~eral,-uro% was taicenas thu a~erage

of the temperature Indlcatlans Oi”the 1: equally snaced thermo-
couples shown in fl~ure 4(b). The avemge sleeve temperature Ta
was taken as one-fourth Qf’t~e sum of the averages of the temper-
ature lndlcaLlms of the zhermoccnqles lmattid In each quadrant.
The piston heat-t.ratier wen was takwn as 1.312 square feet. The
piston heat-transfer coeff’iclen~botwcxm the piston and the recip-
rocating tzleevewas calculated from equa[ion (1) using the electri-
cally meas”red heat in-l-ut.

The heat reJected to the cooling oil was calculated for haat-
balance purpo~es as the product of the cc.ollng-ollflow, tbe tem-
perature rise of the oil i’lowlngthrough the cooling Jacktit,and
the speclflc heat evaluatud at th~ avma5e coollng-oil tomperatuzw.

kre tests than were required to establish the effect & the
variables were made; test results are not presented for exploratory
and check runs.

A summary of the
In table I.

RESULTS ND DUX7USSION

test results for nll conditions is presented
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Heat balance. - A plot of the heat rejeotion to the cooling
oil against the eleotrioal heat input to the piston is shown in
figure 8 for.sp@ ~es of 200 to 600 and 600 to 1000 rpn. Vhe...
genemlly lower heat reJectfon--tiothe-booling oil Is considered,
for the most part, to be due to a heat loss from the reciprocating
sleeve to the air. Themal losses from the ends of the piston are
estimated to be less than 2 peroent of the eleotrloal heat Input.

The questlonarlses of whether the ciroulatlon of oil through
the piston clearance space mrrles off an appreciable portion of
the total heat flux, thereby decreasing the actual amount of heat
transferred to the sleeve and malclngthe calculated heat-transfer
coefficientsbased on eleotrloal hsat Input flotltlously high.
Conservative eetlmatos of tiheheat oarried a-wayby the lubrloating
oil circulating through the piston clearance spaoe, assuming a
temperature rise from the reservoir-oil temperature of 110° F to
the average oil-film temperature and an average speciflo heat of
0.50 Btu per pound per %, indicate that these losses for most of
the tests employing piston-clearanceoil-supply rates of 5 and
12 pounds per hour oould not exceed 3 and 6 ?ercent of the electrle
oal heat Input, respectively. The largest portidn of the electri-
cal heat Input is therefore transferred am’oss the oil film to the
reciprocating sleeve.

Figure 8 shows that more heat was reJected to the coollng oil
In the higher speed range than In the lower speed range for the
same electrical heat input. This condition was undoubtedly the
result of Increased friction heating occurring in the higher speed
range. The largest part of the friction hbating Is developed
between the outer sleeve surface and the bsrrel and compr~ssion
oll-seall.ngrings. Although this frlctlon may havo consi.derabie
effact on ths heat balance, it should not appreciably affect the
the calculated heat-transfer coefflci.entsbetween the piston and
the inner sleeve surface. The soatter of the data at any one speed
was probably due to varying the-l losses from the exterior of the
bamel to the atmosphere with different coollng-_oiltemperatures
and flows and to the &Lfflculty of accurately measuring the small
temperature rise of the coollng oil at the higher rates 6f floW.

Temperature distribution, - The temperature distribution for
two typical runs that are repreaentatlve of the range of powers,
speeds, and pistm-o].earanceoil-supply rates encountered In the
tests is presented In figures 9 and 10. The peripheral distribution

.of the temperate around the piston and the reciprooatlng sleeve
ie shown In figure 9(a); the plotted temperatures are the averages
of the thermocou~le indications in eaoh quadrant. The temperature
difference between the piston and sleeve is greatest at the anti.-
thruet surface and decreases to a minimum at the thrust surface.

— -- —
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Figure 9(b) shows the axial vulatlon of temperature along
the thrust surface of the sleeve, The fact that the temperature
was highest at the center of the sleeve was e~ected, inasmuch as
this point is always In contact with the hot piston surface; the
ends of the sleeve, on the other hand, are alternately heated by
the piston and cooled by the surrounding air.

Iaothemal pattezms for both the piston and the sleeve for
the two representative rune ,Iustdiecuesed are presented in fig-
ure 10; the piston and sleeve surfaoe developments are drawn to
the same scale ae shown In figure 4. Perpendiculars to Ieothermals
Indicate heat-flow Mthe and, If these are vieuallzed, it maybe
seen that in addition to a radial flow across the piston clearance
s~ce there Is a secondary circumferentialheat flow in both the
pleton and sleeve walls. The heat flow in the piston is from the
antitrust to the thrust side; in the sleeve, the flow is from
the thrust to the antibhrust side. An estimate of the circum-
ferential flow of heat In the pieton wns obtained from simple cal-
culations baeed on the cross-sectional area of the piston WUllt
the thermal conductivity of the aluminum, the average tempemture
difference meaeured between the antitrust and thrust side of the
pistori,and the two parullol flow paths, =ch of a length equal to
half the piston clrcumferaco. The calculations Indicated that
the heat c.nducted circumferentlallythrough the piston walls Ie
less than 3 percent of the total hmt Ir.put. Accordingly, the tem-
perature data shown In f@ures 9 and 10 maybe used as approximate
measures of the lccal heat-transfer roofflcients. The circum-
ferential variation of the local heat-transfer coefficient may be .
attributed to the variations In the clearance space around the
piston resulting from steady side thrust.

Heat input. - The variation of average pleton, oil-film, and
sleeve temperatures and piston huat-tranefer coefficient with elec-
trical heat Input Is shown In figure 11. The temperature level at
which the apparatus ie operated was controlled primarily by heat
Input. Results show an increase In piston heat-transfer coefficient
with an Increase in heat input; this variation till be shown to be
mainly an effect of a verlntlon with temperature of the physical
properties of the lubrluathg oli and the clearance between the
piston and tha sleeve.

E&!?!& - Infl~e 12, h, T ,

f’
Ty~ and Ts are ?lotted

againet averago sleeve velocity. A scale of s?eed values Ie given
In the figure for convenience.) An increase In piston heat-transfer
coefficientwith increase in speed was obtained. Figure 12 presents
the combined effect of speed and average oil-film temperature
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on h, inamuoh as both condltiona varied; the faot that h appre-
ciably leveled off at a value of Va of 16 feet per second may have
been due to. the decrease In temperature vlth lnorease In speed.
The lfi@ndent effect of speed m h is isolated In a subsequmt
plot.

Av~ e sleeve temperature. - The mrlatlon of h, Tp, and .
Tf with Ta Is presented In figure 13. Data are shown in vhlch
Ta was varied by vary5& both cmllng-oll tempemture and flow
rate. The increase noted in h is attributed to the Increase
In Tf.

Side thrust. - The effect of a steady aide thrust on the aver-
age piston, oil-film, and sleeve temperatures and on piston heat-
transfer ooefficlent is shown In figure 14. The results show a
slight decrease In piston temperature with an Increase in side
thrust to about 50 pounds; at greater side thrusts, Tp Is con-
stant. The sleevo temperature Is practically cans%ant for the
entire range of side thrusts tested. For ~11 practioal purposes,
therefore, Tp, Tf, Ts~ and h are Independent of a steady
piston side thrust as measured In the test ap~tus.

Piston-clearance oil-supply rate. - The variation of avemge
piston, oil-film, and sleeve temperatures and piston heat-transfer
coefficient wltb the rate of supply of oil to the piston-olearance
oiling ring Is shown In figure 15. When the other operating con-
ditions are constant, h may be seen to Increase as the piston-
clearance oil-supply rate Is Increased. The trend abown Is not
the pure effect of piston-clearanceoil-supply rate, Inasmuch as
the average oil-film temperature also varied; the independent
variation of h with W is determined in a later plot. At a
piston-clearanoe oil-supply rate of 12 pounde per hour, h levels
off appreciably as a result of the deorease h tempe~ture wltb
Inorease in supply rate.

As previously Indicated, the maximum possible amount of heat
that could be removed by the olearance oil at a supply rate of
12 pounds per hour was 6 percent of the electrhal heat input. At
thl.sflow rate, therefore, the apparent Inorease in h due to the
heat removal by the clearance oil would not exoeed 6 percent,
whereas the Indicated lnor~se In figure 12 Is 60 percent above
the value at the lowest obeemed flow rate of 2 pounds per hour.
Most of the Increase may therefore be attributed to an actual
Improvement In the heat-transfer coefflciemt aoross the 011 film
with increased piston-clearanceoil-flow rate.
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By way of explanation of the improvement In h with ticrease
in W, the variation of avemge tempemture dlfferenoe between
the piston and the sleeve with W is plotted in figure 16 for four
peripheral positions: thrust, antitrust, and two intermediate
posltione as Indicated in the cross-sectional sketch. The data
are the same as those shown in figure 15. The temperature differ-
ences on the thrust surface drop 10° F over the entire range of W;
on the other hand, the tempemture dlfferenoes on the antitrust
surface, where the charm ce space 1s a maximum, decrease 100° F
over the range of W. A decrease In the temperature differences
of about 60° F at the Intezmedlate peripheral positions is also
observed.

The Improvement in the average piston heat-transfer codflclent
may therefore be attributed to a reduction of the themal resistance
of the clearance space at the antitrust and the two Intermediate
surfaces. It would appear that the tnoreased rate of supply of oil
establishes and maintains a more completely oil-filled olearance
qace with attendant improved heat-t~ant.?..propertlee.

CORRECTION OF RESULTS

Specific Variable Correlation

As lnd3cated In the AVAZZSIS, h Is fundamentally function
of Tf that expresses thg clearance and physical-properties effects

of the lubricating oil on the heat transfer from the piston to the
sleeve. The variation of h with Tf Is shown In figure 17(a) for
an average sleeve velocity of am2roxlmately 8.5 feet per second, a
side thrust of 100 pounds, and a Fiston-clearance oil-supply rate of
12 pounds per hour. The plotted data include runs for variable elec-
trical heat input and variable cooliw.-cil temperature. It may be
seen that plottlng b as a function of Tf to the 1.15 power ~o-

vldes a fair correlation of these test data.

For convenience, Tp may bo used to approximate Tf as a
basis for correlating t“he test data. Furthermore, inasmuch as the
observed spread of Tp was greater than thd spread of Tf for
the range of operating conditions encountered In the tests, the
use of Tp provides a more sensitive index of the variation of h,
The variation of h with Tp for the same data presented lnflg-
ure 17(a) is shown In figure 17(b). The trend of the data is best
represented by a line of unity slope; hence, the exponent r’ = 1.00.
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In fi~e 14 it had been shown that h
pendant of side thrust so that the effect of
in the tests, is constant..- . . .- -.

was prtmtloally

side thrust, 8s

..

15

lnde-
Varled

l’igures18(Fi)and 18(b), respectively, show the -Iation of

h/(Tf)1”15 and hfip with avexage sleeve velocity Vs. The slope

of the llno that beet fits the data Is 0.%7, so that the exmnent s
9q~~le 0.27. TIM piston heat-transfer coefficient, measured for
stationary ciperat+.onof the apparatus (with the sleeve at bottom
center), is shout one-half the heat-transfer coefficientmeas”izred
under comparable operating conditions of average oil-film tempera-
ture, piston clearance, pl.ston-clearanoeoil-supply rate, side
thrust, and an average sleeve velocity of about 8 feet per seaond.
w 0.27 power variation of h with Vat which if extrqmkted
would predicate zero h at zero speed, is therefore restricted to
tbe range of speeds teat&d.

The variation of
h

1.i5
with W is shown infig-

0.2{
(Tf) .(V*)

ure 15(a); fi~ure 19(b) shows the variation of h with W.
0.27

Tp(vs)

For the range of piston-clearanceo?l-supply rate from 2 to 20 pounds
per hour, a line of slope 0,35 fits thu data ~ulte well. As pre-
vit.uslymentioned, greater values of W cause the spliceabove the
piston-to fill

lation through

or h
0.27

Tp(Va)

.an&iverflow, indicating a IU!3XlmUUirate of oil clrcu-

the nistcm clearance. Values of
h

1.15 0.27
(Tf) (Vg)

for the larger rates of oil supply are about tho

same as those obsemed at a W of 20 pounds per hour, verifying
this value as approximately the maximum 011 flow rate by the pleton
for thu oxiating clearance. The value 0.35 for the exponent 7 on
W Is therefore ltilted to ~iston-clearanco oil-supply rates below
20 pounds per hour fcr the data of the subJoct apparatus.

The logarlthmlo correlation plots fireeented(figs. 17 to 19)
separate the effects of the variables on the piston heat-tmnsfer
coefficient. The previous curves {figs. 11 ko 15) did not show

“pure trends beoause !l?f varied during tests in which other
variables were investigated.
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The final co-latlon curve of h aga~t the established—
1.15

parameters (Tf) (v~)0“27(W)0”35 or (Tp)(V~)0’27(W)0*35 Is

shown In figure 20. All the data pwesented-in table I are plotted
against these parameters. Included infi~ 20(a) and 20(b) m?e
series of rune with the thrust am reversed so as to interchange
the thrust andantlthmst eurfaoss. The temperature distributions
and the heat-flow paths were altered, but the effect of the vari-
ables on the piston heat-transfer coefficient was not changed.

The solid line In figure 20(a) represents the relationship

h= 1.78 {Tf)
1.15 ~V#27 ~w)0.35X lo-5

and in figure 20(b), the equation of the solid line Is

h= 3.39 (Tp) (V~)
0.27 ~w)0.35Xlo:5

(8)

(9)

in which Tf and T2 are expressed In %, Vs In feet per second,
and W in pounds per hour.

Approximately the same degree of correlation Is obtained with
the average oil-film temperature as with the average pistm tem-
perature as the correlation basis over the range of operating con-
ditions encmustered in the tests. Ihshed lines representing a
*lO-percent deviation from the correlation curve chow that, with
the exception of a few rum, the tits fall within these limits.
Either equation (8) or equation (9), therefore, sumo up all the
effects of the controllable factore on the piston heat-transfer
coefficient within the specified limits.

General Correlation

The general oorrelatlon Involving the nondimensional parameters

is presented In figure Zl(a) mnd 21(b), where ~ is plotted

against the product (y) (.) for all the test data at piston-

clearance oil-supply rates of 5 and 12 pounds per hour, respectively.
Physical properties, evaluated at the av~age oil-film temperature
Tf, were taken from figure 5, the piston clearance was calculated
from figure 6 at the observed average piston and sleeve temperatures,



end h and V~ were taken as before. Re~ldai. numbers for the
dat~..gf.fl~e 20 basqd og avqr~e. qleeve velocityz range from
70 to 660. Reynolds numbers ba-sedup&
ocourring In the stroke, which is about
990.

A line of slope 0.30 fits the data
representing *1O percent deviation from
included. The tailed points uhioh fall
figure 21(b) are for runs at the lowest

the-”xum veloolty “.
1.5V~ r-e from 105 to

fairly well; dashed lines
the correktlon curve SJ’S
well below the curve In
heat input (0.95 Btu/see),

where the”precidion of measurement is poor. The fact that the

absolute values of ~ are luwer for a ~leton-olaaranoe oil-supply

rate of 5 pounds par hour than for 12 pounds per hour may be
attributed to less complete filling of the olearanoe space ulth oil
at the lowm supply rate and hence a reduction in effective heat-
transfer area. The revion of the piston and the cylinder separated
by an air gap Is considered kI be an Ineffective heat-transfer area
because of the decidedly lnf~rlcr heat-transfer ~roperties of air
as compared with r.~1.

Although a fair comelaclon of the dutm is obtained thrtiugh
use of equation (7), It lo recognized tilt the amuunt and the scope
of data obtained Is insufficientto plnoe too ❑uch confidence In
the validity of this type of correlation.

CONCLU?YWNS

From tests nf a hdat-trunsferapparatus aimul~~tingthe usual
rulatlon between piston and cylinder wall by means of an electri-
cally bested Smooth-wulledaluminum platen and & reciprocating
steel sleeve separated by un oil film, It was found that the piston
heat-transfer coeffioiont:

1. Increused with a~wed but began to level &f at an average
sleeve velocity of 16 feet per second as a result of the reduced
oil-film temperatures occurring with incraasod speed.

2. Was not signlffcahtlyaffected bya variation In steady
side thrust over a range uf 10 to 150 pounds.

3. 12xmaased with an Inorease In the piston-olearanoe o11-
supply rate, hut ap~roached constancy with an Increase In oil supply
above about 12 pound~ per hour as a result of the attendant decreas-
ing oil-film temperature on the auti- and non-thrust surfaces.

-—
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4. Could be correlated fairly well as funotlone of the average
oil-film temperature or the average piston temperature, the average
sleeve velocity, and the piston-clearance oil-supply rate; the
piston heat-transfer ooefflclent varied as the 1.15 puwer of the
average oil-film temperature, directly with the average piston tem-
perature, as the 0.27 power of the average sleeve velocity, and as
the 0.35 power of the piston-clearance oil-supply rate wltbin the
range of conditions tested.

5. Could be correlated fairly well as functions of a Reynolds
and a Prandtl number based on the average or the maximum sleeve
veloclty, the piston clearanoe, and the physical properties of the
lubricating oil; the Nusselt number varied as the 0.30 power of
both the Reynolds and Prandtl numbers.

Alrc=t Engine Research Laboratory,
National Advisory Comnlttca for Aeronautics,

Cleveland, Oh~o. OctGbeq 3, .
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sill) Eloctriaal” OwrstlnE I PlatOn-

QUWlll Eg tLW! ARRWWAUJ 1~

Piston COOllna- Averam I Snacirlc Heat Hsat- Avernge Average Aver& a
f

Piston h8at- Correlatlon Corrolatlo

. lance piston 6109VO Oil-r lm tran~fer

(Stu%eo)
(rm) 011-wpply thrust rate

purameter
Oil tO;- 00;iiig

parameter
tion

rata
rntio tempOr- t6mpar- tempOr- coo fflcient 1415 0.27

( lb/rein) Po::$l.. oil to 011 ( per- (Tf)

(!b)
nture atulw ature TPIVJ)

w (Btu)/ f Btu/ omnt ) T,. T. T,- (Btu))(a!c) ,“ ,0.M .0. s6

(lb/’hr )
(lb)(°F) Sec ) (+) (“;) (’+)

(aq ft](”F) ‘“s;.35
~w,.. -.

(w)

0.95
1.90
2.84
3,79
4.74
S.69
2.I34
3.41
4.74
5.35
6.07
6.64
6.98

.95
1.90
2.S4
3.7Q ~
4.74

.9s
1.90
2.84
:;:;

1.90
3.79
5.69
5.69
4.74
3.70
2.84
1.90
1.42

.9s
1.90
2.04
3.79
4.74
5.69
6.64
7.58
:.;:.

6:64
5.69
4.74
;.;:

1:90
3.79
2.S4
1.90
7.58
6.64
5.69
4.74
3.75
2.84
2.37
1.90
1.42

.95

4!30
490
490
490
490
490
950
950
9s0
950
950
950
950
940
940
940
940
940
5-40

3:
540
Mo

M
540
940
940
940
940
940
940
940

‘w
560
560
569
560
560
635
535

w
530
530
530
530
9s0
950
950
560
560
560
5E5
565
565
570
570
570
560

12

5

100

%00

100

20
20
20
20
20
20

:;
40
40
39
39
39

%
39
38
41
41
42

;

20
20
21
60
60

%
60
61
61
69
Co

::
60
60

%
59

::
60
;:

E2
59

;;
61
60
60
61
60
61
60
C2
63
61

130
132
130
130
130
130
159
152
; $0

1:4
153
155
132
131
132
130
132
150
149
133
150
150
151
134
152
142
142
141
144
139
144
140
140
140
141
142
140
141
141
140
130
141
137
142
140
142
140
140
137
139
142
140
142
14k?
140
140
140
140
138
130

Variable heat 1

0.467
,460
.467
.4C7
.4C7
.467
.400
.477
.476
.478
.478
.478
.47G
.468
.467
.468
.467
.46S
.476
.476
.470
.476
.476
,477
.478
.477
,473
.472
.472
.474
.471
.474
.472
.472
.472
.47!?
.472
.472
.472
.472
.472
.4’71
.472
.473
.472
.471
.473
.4?1
.471
.47!I
.471
.472
.4?1
.472
.472
.472
.472
.471
.472
.471
.47:

w t

94
75

x
82
63

::

!%
Be
86

1%
123
lM

96
92
99
57
64
::

78
74
74
91
92
91

1!:
100
141

87
79
00
80
79
70
78
75
70
75
00
81
83
B3
95

130
109

76
82
83
03
82
77
so

Q
76

206
239
270
305
341
370
292
297
337
346
366
378
387
199
227
266
292
317
210
244
290
325
377
258
323
376
340
323
296
272
235
219
202
237
273
307
339
367
393
416
423
395
415
394
3&e
331
294
253
309
276
247
455
434
40E
37C
344
299
278
256
232
20C

156
168
183
199
212
232
295
205
.221
230
241
247
250

;6?
177
le7
;;;

184
19s
209
236
186
212
238
223
211
19e
1s7
l?e
175
164
165
100
M9
205
21 E
234
’245
242
220
241
22s
212
195
183
169
1s4
176
168
25’2
234
220
203
191
102
171
164
;5J

181
203
230
252
::;

249
251
279
269
304
313
319
178
197
222
240
259
191
214
244
2C7
307
222
268
307
286
2G7
246
230
2 OE
197
183
201
227
248
272
292
314
331
332
312
328
311
299
263
239
211
247
227
206
354
334
313
290
268
241
225
:;:

179

I

I

%?teady side thrust reversed, 4P



TABLS I - SUENARY OF DATA ANO R2SULTS FOtI PIsTON R2CI PBOCATING-SLSEVS APPARATUS - kInt inned NATIONAL
C(WITTEE FOR

Heat Heat- Ave ra~e AveraSe Average Piston heat- Correlat Ion
reJec - bal.snce piston sleeve oll-film tranrfer
tlon ratio temper- temper-

p8ru9ter
temper- coerf iclent 1.15

to 011 ( p.3r- ature ature a ture (Tr)

( ::{ cent ) TP
T= Tr ( Btu );( Sec ) (v ,0.27

(°F) (°F) (°F)
(w ft)[o?) ~

~w)o.35

ADVISORY
AERONAUTI

r

Cormlatiol
Para=ter

Tp(Vm)0”27

~w)o.35

5
Un ~actricml Operating Pls ton- PlstOn COOIM- Averaw Speclrlc

haat input speed cle8rance side 011 rlOw coOllng- hemt or
(r-) oil-supply thrwt rate 011 t.m-

(B~sec)
coollng

ratc (lb/mIn)pray 011

w (!b) ( Btu )/

( lb~ )
(lb)(°F) w

1 I 1 1 1 I I .-, 1

I
86. 3.79
67 3.79
p 3.79
89 3.79
90 3.79
91 3.79

3.79
,% 6.64
.48 6,64
.49 6.64
.50 6.64

Variable coollng-oll flow rate

1
85
!36
84
87
82
00
56
87
87
05
83 1-

2507 i326
1324

:= 131V
2476 lss.1
2449 1507
2425 12’45
2392 12.93
3627 16E3
3682 1853
3630 1367
3?17 1903

130 0.467
.467
.467
.467
.467
.467
.467

S.22
3.26
3.16
3.31
3.12
3.02
2.11
5.76

320
314
313
315
309
306
30s
376

207
2CQ
198
19B
1s7
157
153
241

263
236
255
266
253
251
248
309
307

3.0440
.9444
.0432
.2425
.2444
.24.%
.0452
.0245
.9650
.0534

405
515
515
320
520
325
525
640
Mo
e40
940

100 12
13
19
30
41
%

131
130
130
131
131
130
153
151
153
153

77
85
66
48
22

.478

.477 I 5.78

.47B 5.67

.478 5.28

374
377
385

240
244
248

311
317 .0535

245
24.5
245
245
252
251
251
250

Variable piston side thxwa

156
161
159
159
162
166
163
162

Ecl
204
2C4?

0.0262
..C4?61
.0277
.CQ77
.0265
.CQtll
.CQ?l
.0271
.0277

117
116
llEI
llB
117
117
118
116
116
115
115
116
116
117
116
117
117
117
116
119
119
110
116
132
132
132
131
132
132
132
132
130
130
132
130
1s0
130
152
151
152
152
152
152
152
150

-

0.461
.461
.461
.461
.461
.461
.462

1.46
1.49
1.43
1.44
1.39
1.36
1.33
1.42
1.39
1.41
1.39
1.41
1.47
1.48
1.49
1.50
1.45
1.50
1.45
1.51
1.44
1.47
1.44
1.26
l.sf
1.51
1.49
2.30
2.13
2.18
2.06
3.09
3.oa
3.09
3.11
3.13
S.07
5.50
5.33
5.47
5.57
5.91
5.75
5.72
5.53

80
82
79
79
76
75
73
76
76
77
76
77
79
80
79
80
78
En
76
79
76
77
76
E6
72
79
76
84
75
77
73
01
01
02
82
23
El

R
e2
84
89
67
86
83

1551
1576
1562
1571
1525
1541
1321
1521
1=7
15?6

1.62

::%
1.62

260
260
260
265
215

12
l=
150

10
10

lm
50

150
10

12
150

30
50

100

1%
10
50
10

150
30

100
10

1%
150

10

1%
150

1%
150

11%

E

1%
150
160
100

:~

15
16
15
15
15
15
15
15
14
14
14
14
15
15

202
207
209
207
2C4

1.82
1.02
1.82
1.82
1.82
1.82
1.62
1.82

215
215
f!15
295
300
300
3W

.461

.463

.462

.462

.463

.461

.461

242 15C
155
154
157
154
156
156
134
157

199
197
197
1%
198
1s-7
lw
196
1%

239
239
239
242
238
238

R
::%
1.05

l:%
1.90

300
360
S60
S60
Sdo
.%0
405
405
405
405
403
365
365
365
365
485

15
15
14
15
15
15
15

.461

.461

.461

.461

.461

.462

.462

23s
235
235
235
234
234
236
236

1:3
150
157
159
157
159
168

194
197
196
1s7
127
1’36
207

1714
1724
171E
1714
1731
1761
1755
1775
1761
2141
2104
2149
2106

1.90
1.90
1.’30
1.90
1.90
1.90
1.90
2.64

15
15
21
21
20

2:

.461

.461

.46S

.460

.4E8

.4F,7

.460

24C
244
247
246
276
274
276

169
170
166
103
179
le4

206
2or
207
229
226
23o
226

465
485
485
490
490
490
490
490
490
260
%0
960
960
940
940
940
940

21
21
20

%
20
20
20

.46B

.468

.468

.467

.467

.460

.467

267
311
310
310
31s
309
309
386
380
379
360
361
381
3ao
378

le6
196
197
199
192
195
199
249
246
247
249
245
243
244
243

234
23s
254
252
252
254
318
313
313
315
313
312
312
311

.467

.4E7

.477

.477

.477

.477

.477

.477

.477

.476

%
39
39
39
40
39
39
so
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CMIITTEE FOR AERaaAIJTlq
PiatOn- Piston COOllng- Average Specific Heat Hent- Avemge Average AVaragm
oleuwm.e aide

Piston heat- Correlation CORrclst ion
011 flow cOOling- heat of rejec- balance piston nleeve oil-film tranmf*r plrm*tar

.a:aosupply tkpun t rate 011 tem- cooling tlon ratio temper- tamper- t4mpar-
pm.amtar

to oil ( per-
ooorficiant 1.15

atura ature ature
w (lb) ( Btu/ cent )

TP T,
( lb/inhl) p’::~” ;;;!(p) ,,0)

(lb/h) (QF~ (“F)
& p~j~fij~ ::;0.27 ‘P::::

,W,0.3S

Run

—

S.lootrical0p9rating
h4stMlnput apaod

(Btu/mI)
frm)

1
Variable platen-clearmce

1 1

)11-sup

360 d
1;
4
s

:
11
15
20
30
46

:
2
9

1:
3
5

1:
30
14

100 140
13s
139
140
140
153
152
153
152
155
155
151
156
155
143
140
130
140
139
152
152
151
151
153
153

90
86
86
E5

325
295
312
298

lal
186
100
197

232
241
251
243

1105
1522
1117
1280

069
708
827
863

1028
1114
1196

. . . . . . . . . .

. . . . . . . . . .

0.471 3.42
.471 3.25
.471 3.25
.471 3.2S
.471 3.09
.478 1.67
.477 1.70
.478 1.68
.4?7 1.66
.479 1.52
.479 1.37
.477 1,25
.479 .99
.479 1.47
.473 3.23

60
60
59

H
60

82
E6
89
88
87
80

331
267
260
254
245
239

192
1’?3
174
173
173
173

262
220
217
214
209
20661

60
60

::
60
61

;!
60

;:
60
60
61
60

72
66
52
77
85

232
229
228
263
376
369

174
170
170
174
196
195
191
197
1!39
L77
192
177

205
2W
199
219
286
282

.0429

.2421

.0429

.027Q

.C4?77

.0206
,0410
. 035s
.2452
.0237
.0324
.0341
.0429
.0402
.0377

2315
. . . . . . . . ..-
. . . . .. . . . . .

76!3
067
850.472 3.34

.471 3.17

.472 3.24

,477
,471 3.02

1.&5
,477 1.68
.477 1.63
.477 1.49
.477 1.37
,470 1,42

88
T5
00
87
!36
S6

312
337
299
2e2
264
25o
232

252
267
244
230
223
214
203
203
210

78
72
75

174
172
177

234
243

. . . . . . . . . . . . . . . . . . . . .
2125 1106

Variable operatl:

1.90
1.90
1.00
1.90
1.90
3.79
3.79
3.79
‘3.79
3.79

403
360
300
250
216
223
225
300
800

1015

12 50

100

15

1:
15
16
20
20
20
17
19
40
40
39
39
39
39
61
61
63
61
60
62
61

117
118
118
118
118
132
130
130
120
131
154
1 S4
155
154
153
152
127
131
135
140
140
140
141
142
140

0.461
.461
.461
.461
.461
.468
.467
,467
.466
.46?

1.44
1.45
1.46
1,46
1.40
2.07
3.10
3,17
3.63
3,70
5.73
5,70
5.47
5.47
S.54
5.48
1.07
1.17
1.25
1.22
4.42
4.41
4.79
5.10
5.13

76
76
77
77
74

234
239
243
248
252

157
157
159
1 w
163
215
212
203
196
197
243

196
1 ‘M
201
204
20B

925
916
663
859
837

76
82
84
96
98
86

349
345
333
303
290
382

282
2?9
270
250
244
313
323
325
331
318
322
166
171
179
179
296
300
293

,470
.47a
,470
.47e
.478
,477
.466

8E
82
82
83

1::

399
1396
424
3L16
391
189

256
253
256
25o
233
143
148
159
162
221
224
220
225

.95

.95

.95
5.69
5.60
5.69

.4(37

.469

.472

.472

.472

.472

123
132
129

78
7e
84
90

1 ?4
199
1’36
370
375
365

5.69
6.69

63
63

.472

.47Z
359
345

292
zez

.0556

. 05e7
32E2
3309

1717
174321’d
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TABL2 I - SUMNARYOF DATA AND RESULTS FOR PISTON RECIPROCATING-SL2SV2 APPARATUS- Continued NATIONAL AOVI,SORY =

COWITTEE FOR AERONAUTICS :
Operating PiatOn- Piston COOling- ‘Averaga Specifio Heat He at-
#peed

Average Average Av,rage
Claaramaa mida oil flow OOOling- heat of

Pistonhoat- Corralation C rrolation
reJac- balance piston L

(rpl)
almve oil-film tramfsr

Oil-lupplr thmst rate
par-l::: p amotar

oil tam- oooling tion ratio tempOr- t*mpar- t~pOr- &00rf~i9nt
rat. (lb/rein)pe~ay oil to oil ( per- (Tf)

(!b)
atura ature

w
ature ?P(V,,)O”2’

(Btu)/ ( Btu/ cent )
TP

Ta

(lb/&) (lb)(°F) aec) (OF) (%)
,~, [~~~{~f~] (%)0”97 (@em

(~)o.s5

‘?.52

:::
7.M
7.68
7.52
6.64
6.64
6.64
6.64
6.64
6.64
7.39
7,30
7,39
7.39
7.30
7.39
7.39
7.39
5.69
6.69
.S.69
5.69
5.69
3.79
3.79
3.79
3.79
3.7G
3.79
3.7Q
3.79
3.79
3.70
3.79
3.79
3.79
3.79
3.79
3.79
3.79
3.79
6.64
6.64
6.64
6.64
6,64
6.64

300
460
560
660
eoo

%
460
600
240
575

l%
930
700
645
36s
430
340
245
300
420

z:
MO
250
415
560
680
875
1030
250
416

%
800

%
416
360
685
8?5

t%
870
670
575
410
27o

12

5

100

.100

100

62
61
60
60
60

%

x’
61

::
61
61
61

K
61
61
61
60
60
60
59
60
61
60
60
60
60
62

%
60
60
62

%
60
59
59
59
61
60
61
60
61
60
60

Variable operating speed - Conoludad

142
140
143
139
138
13B
146
150
149
149
140
149
150
156
152
150
150
150
150
151
150
152
150
150
151
140
139
140
139
140
142
142
139
140
140
140
142
140
140
140
140
140
141
139
142
141
139
139
140

0.473
.472
.471
.471
.471
.471
.474
.476
.476
.476
.476
.4?6
.476
.476
.47?
.476
.476
.476
.476
.4’77
.476
.477
.476
.476
.477
.472
.4’71
.472
.471
.472
.472
.472
.471
.472
.472
.471
,.472
.472
.472
.472
.472
.471
.472
.471
.472
,472
.471
.471
.471

5,76
5.I3B
6.09
6.25
6,39
6.40
4.99
5.32
5.B9
5.B6
5.47
5.93
6.65
6,21
6,07
5.06
5.85
5.59
5.41
5.67
3.70
4.13
4.37
4.26
4.74
2.81
2.87
2.07
3.14
3.12
3.00
3.02
2.99
3.21
3.10
3.59
3.50
3,30
2,78
3,25
3.11
3.22
3.25
5.26
5.23
5.18
4.77
3.88
4.49

76
7B
80
62
84
85
75
80
89
68
82
89

::
82
79
79
76
73
79
65

;:
75
63
74
76
78
83
B2
B1
80
79
65
B4
95
92
79
73
S6
62
85
86
80
79
78
72
58
68

437
426
41B
413
407
397
425
413

k?
402
383
399
400
406
415
423
425
442
456
390
377
372
367
347
335
316
308
303
296
2B5
360
344
341
W4
321
313
372
34’7
336
327
315
313
383
398
416
421
428
455

275
264
234
261
246
234
259.
250
244
239
245
236
249
247
236

%
267
280
292
242
231
223
216
219
209
201
1!21
108
184
181
218
207
199
la4
190
186
209
197
192
193
164
1B6
215
219
224
233
242
263

356
345
336
332
327
316
342
332
324
313
324
311
324
324
332
337
341
346
361
374
316
304
298
291
2S3
272
259
250
246
241
233
289
276
270
264
256
250
291
272
264
260
250
250
29’3
309
320
327
335
359

0: C&

.0624

.0313

.0617
,C610
.0524
.0334
.0344
.0522
,0554
.0600
.0646
.Im33
.C4?5S
.0317
.0391
.0613
.0598
.0591
.0504
.0511
,0501
.0491
.0523
.0394
.M32
.0425
.0432
.0436
.0478
.0350
.0363
.0350
.0355
.0379
.0391
.0305
.0331
.0345
.C371
.0379
,0391
.0518
.C4S6
.0463
.0463
,M6E
.0453

3114
3376
3459
3344
3668
372!3
3fM9
3231
3491
3633
3340
3360
3864
3601
37S6
3600
3624
3330
3289
3117
2718
2847
3011
3063
3179
2176
2363
2462
2343
2656
2650
1714
1S72
1953
2005
2048
2076
1729
1840
1926
2001
2043
2118
2601
2601
2,524
2482
2329
2237

~~

120s
1863
1932
1982
16W
1689
1634
le3d
1746
1910
2015
1977
1920
1856
1827
1705
1667
1367
1419
16W
1605
1653
1674
1169
1257
1326
1376
1446
1436
917
1W6
1069
1103
1120
1;::

1015
1C86
1096
1127
1161
1421
1422
1s05
1s45
1249
11s2

●

Steady aide thrustreversed.
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Run Electrlcel
heat Input

(Btnjsec)

1.90
1.90
1.90
1.90
1.90
3.79
3.79
3.79
3.79
3.79
3.79
6.64
6.64
6.64
6.64
6.64
5.69
5.69
5.69
5.69
5.69
1.90
1.90
1.90
1.90

Operating
speed
(r~)

360
360
360
360
360
525
525
525
525
525
526
935
940
940
940
240
so
Mo
so
Mo
560
so

E:
660

NAT IONAL ADVISORY
TABLE I - SULDIARYOF DATA ANO RZSULTS FOR PISTON RECI P!WCATINGSLEEV2 APPARATUS - Concluded

COOUITTEE FOR AEUOWNJT IC3
Piston- Piston COOlln.g- Average Specific Heat Heat- Average Average Average Piston heat-
clearance

Correlation ,COrrelatlOn
side 011 l-low cOOllng- heat of

oil-supply
rejec- balance piston

thrust rate
sleeve oil-film transfer pa-meter parameter

oil tOm- coollng tion ratio
rate

temper- temp9r- temper- coefficient 1.15
(lb/mln) pe~;~e oil t:B:$ (per- .9ture ature (Tf) TP(V’)0”27

w (;b)
ature

(Btu)
6

cent ) Tp Ts Tf (Btu);(sec) 0.27

(lb/hr) (lb)(F) sec )
(’+)

(sq ft)(°F) (v~)
(OF) (°F)

~w)o.35
~w,o.35

12

5

100 21
20
20
20
22
19
20
19
20
20
20
40
41
44
39
41

1%
60
61
57
61
61
co
61

Variableaveragecoollng-oiltemperature

111
118
127
143
154
123
136
127
142
152
160
129
138
148
152
162
172
164
151
138
125
121
136
149
158

0.452
.461
.466
.473
.470
.464
.470
.466
.472
.477
.482
.466
.470
.475
.477
.482
.487
.483
.477
.471
.464
.463
.470
.476
.480

2.00
1.82
1.62
1.36
1.51
3.24
2..78
3.12
2.84
2.68
2.6a
6.03
5.92
6.27
5.95
5.90
3.94
4.10
4.32
4.51
4.23
1.67
1.21
1.14
1.15

105
96
85
72
79
85
73
82
75
71
71
91
89
94
90
89
69
72
76
79
74
Em
64
60
61

237
242
250
257
265

:E
314
316
324
332
370
372
379
385
389
415
407
401
389
382
240
245
253
261

150
15E
167
178
191
192
233
197
211
225
233
223
231
242
247
250
245
237
229
217
204
148
161
170
177

194
199
209
218
228
25o
25s
255
263
274
282
297
302
311
316
320
330
322
315
303
293
194
203
212
219

0.02B6
.0290
.0300
.0315
.0337
. M28
.0448
.0425
.0473
.0502
.0502
.0592
.0517
.m:5
.0631
.C626
.0439
.0439
.M34
.0434
.M19
.osn
.0297
.0300
.0297

1629
167S
1770
1s67

906
925
956
98s
1014
1305
1331
1331
133a
1371
1407
1829
1644
1877
lum
1927
1317
1222
1273
1234
1213
762
778
ax?
229

I
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NACA ARR NO. E51(08 Fig. 2

Sfd6?-thrust device Piston

Leu#r arm ?lStOR SM)pOrt bean

self-alin~ne
ball beartnt

I

S leeue-
theraacouDle I?zv
aontact
blocks
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‘oil Inf rint

Piston-theraoeouple
terminal block

rop insulating
plate

Electric-
Reater COII

Aluminum
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,

casting

Aluminum
piston

Bottom

Figure 2. - Construction details of the piston
reciprocating sleeve heat-transfer apparatus.
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Figure 3. - Schematic diagram of lubricating and cooling-on systems for the piston
reciprocal ing-sleeue heat-transfer apparatus.
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Figure 4. - Locations and installation details of piston and reciprocating-sleeue
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thermocouples. G
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Average temperature, ‘F

Fifire 6.- Variation of piston and sleeve diameters with average temperature.



NACA ARR No. E5K08 Fig. 7
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,gure 7.- Varlatlon of calculated piston clearance with average
oil-film temperature.
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NATIONAL ADVISORY Run Heat Speed Piston-
COMMITTEE FOR AERONAUTICS input clearance ,

300 oil-supply
,. + ., rate

460
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\
O 363 7.58 560
+ 251 3.79 940 1;
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Wo
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surface
(a) Peripheral distribution of average piston and

sleeve temperatures.

0246810 Is 14
Distance from top of sleeve, In. ●

(b) Temperature distribution on thrust surface of’sleeve.
FlgUre 9.- Piston and sleeve temperature distribution for re-

presentative runs on piston rec~procatfng-sleeve apparatus.
Side thrust, 100 Poundsl cooling-on temperature, 1400 F;
coollng-oll flow, 60 pounds per minute.
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side thrust, 100 pounds; cleownce-oi I supply, s Ide fhrust, 100 pounds: cleorance-oi I supply.
5 pounds per hour; cool int-oi I temperature, 142° f; 12 Pounds per hour; cool ing-oi I temperature, 141° f;
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Figure 11.- Effect of heat input on average piston,
oil-film, and sleeve temperatures end piston heat-
tr~Sfer- coefficient for-runs 363 to 3+2. Speed,
663 rpm; piston-clearance 011-SUPPIY rate, 5 pounds
per hour; side thrust, 100 pounds; cooling-oil
temperature,140° F; cooling-oilflow, 60 pounds
per minute.
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NACA ARR No. E5K08 Fig. 13
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Figure 13.-

—
Variation of average piston and oil-film temperatures

and piston heat-transfer coefficient with average sleeve temper-
ature. Heat input, 3.79 Btu per second; side thrust, 100 pounds;
piston-clearace oil-supply rate, 12 pounds per hour.
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NACA ARR No, E5K08 Fig. 16
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NACA ARR No. E5K08 Fig. 17
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Figure 17. - Variation of piston heat-transfer coefficient
with average oil-film and piston temperatures. Side thrusts
100 pounds; piston-olearance oil-supply rate, 12 pounds
per hour.
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Runs Heat Spee& Side

thrust
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Fig. 18
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Figure li3.- Variation of h/(Tr)l”ls and
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h\Tp with ●verage sleeve
rate, 12 pounds per hour.
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Figure 21.- General correlation curws for test results of piston
reciprocating-sleeveheat-transferapparatus.
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